ABSTRACT: Cylindrical vector beams (CVBs) have a wide range of applications owing to their particular polarization characteristics and optical field distributions. For the first time, an azimuthally polarized fiber laser without any polarization controller is proposed and demonstrated experimentally.
such as lateral offset splicing technique [14] [15] [16] , mode selective coupler (MSC) [17] [18] [19] and long-period fiber grating (LPFG) [20, 21] . However, these methods mentioned above are all based on the conversion between LP01 mode and LP11 mode. In 2016, Liu et al. [22] demonstrated a fiber laser oscillating at LP11 mode by employing a pair of few-mode fiber Bragg gratings (FMFBGs). Wang et al. [23] also reported a fiber laser oscillating at high-order mode by using a wavelength-division-multiplexing (WDM) mode selective coupler (MSC). Our group also demonstrated several fiber lasers operating at LP11 mode based on the polarization dependence of FMFBGs [24] and metal-clad transverse mode filter [25] . However, the main drawback of the research up to now is that the LP11 mode is highly degenerate in the common step-index fiber, and the TE01, TM01, HE21 (even) and HE21 (odd) modes would experience a strong coupling with each other. Thus, the polarization controller (PC) is indispensable to obtain a specific vector mode in fiber lasers, which is rather unstable and impractical.
In this letter, we propose and experimentally demonstrate an all-fiber laser that works on the single TE01 mode and directly output highly stable TE01 mode without any polarization controller. To the best of our knowledge, this is the first report on the single TE01 mode oscillation in fiber lasers. A pair of matched FMFBGs, which are inscribed on the ring-core fiber, is used as cavity reflector and output coupler. The laser operates at a wavelength of 1064.9 nm with a narrow 30 dB spectrum width of 0.18 nm. One significant advantage of the fiber laser is its polarization maintaining due to it operates at the single TE01 mode. More generally, we believe that our results will promote the CVBs fiber lasers to be truly applied in a wide range of applications.
In conventional fibers, CVB states are highly unstable because of the extremely small differences (~10 -5 ) of effective refractive index (neff) within the LP11 mode group. Thus, the four CVB modes [i.e.
TE01, TM01, HE21 (even) and HE21 (odd) modes] would randomly couple to each other during propagation due to fiber bends, geometry imperfections and stress-induced perturbations [26] . While in ring-core fibers, the differences of effective refractive index within the LP11 mode can reach up to 1×10 -4 , which was experimentally confirmed a reasonable proxy for mode stability [27] [28] [29] . The schematic structure diagram of the transverse mode filter is shown in Fig. 2 . It is made from the ring-core fiber by corroding the fiber cladding and depositing an Aluminum coating on the remained cladding surface. Figure 3 shows the scanning electron microscopy (SEM) images of the transverse mode filter which display a smooth surface and uniform diameter. The detailed fabrication process of the transverse mode filter was illustrated in the literature [25] . The transverse mode filter is almost lossless for TE01 mode but not for other modes due to the different intensity distributions near the metal layer and cladding interface, the mechanism of which was explained in our previous work [25] . The schematic of azimuthally polarized fiber laser is shown in Fig. 5 . A length of ~60 cm ring-core ytterbium-doped fiber is used as the gain medium and pumped by a 980nm laser diode through a 980/1064 nm wavelength division multiplexing. Two matched fiber Bragg gratings (FBGs), which are written on the ring-core passive fiber, are used as the feedback elements and output coupler. The transverse mode filter (TMF) is used to attenuate HE11, TM01 and HE21 (even and odd) modes, and make TE01 mode oscillate in the cavity. The output beams are recorded using a CCD camera after collimating by lenses L1 and L2. The transmission spectra of the FBGs are measured using a 1.0 μm amplified spontaneous emission (ASE) light source when only LP01 mode is excited, and the peak reflectivity is estimated to be 93% (~11 dB) for HR-FBG and about 75% (~6 dB) for LR-FBG. In theory, the reflectivity of LP11 mode is close to LP01 mode. The reflection spectrum of the FBG, shown in Fig. 6 as the blue curve, has four reflection peaks (marked as 1, 2, 3, and 4) which correspond to the intra-modal reflection peaks of TM01, HE21
(even and odd), TE01 and HE11 modes, respectively. The laser spectrum is measured by the optical spectrum analyzer (OSA) at the output port of LR-FBG, as shown in Fig. 6 as the orange curve. The laser operates at a single wavelength of 1064.8 nm with a narrow 30 dB linewidth of 0.18 nm and side-mode suppression ratio (SMSR) of more than 65 dB. Most importantly, it can be seen that the spectral peak is consistent with the intra-modal reflection peak of TE01 mode, which indicates the laser is oscillating at the single TE01 mode. As shown in Fig. 7 , the slope efficiency of the laser is about 16.8% with a laser threshold of ~125 mW. The relatively low slope efficiency and high threshold are owing to the slight ellipticity of the fiber and the corrosion unevenness of the fabricated TMF, which cause the TE01 mode experience a higher loss when passing through the TMF. Fig. 8(a) , and its polarization property is examined by placing a linear polarizer between lenses L1 and L2, as shown in Fig. 8(b)-8(e) , proving the azimuthal polarization distribution. The polarization degree of output beam is measured using an improved method based on the literature [31] . For an ideal azimuthally polarized vector beam, the light is linearly polarized along the azimuthal direction at any point of the ring profile. Thus, the polarization degree of the vector 
Where Pazimuthal and Pradial are the power of passed light when the direction of the polarizer is azimuthal and radial, respectively. In order to reduce the measurement error, the PER of eight different points at the beam profile is measured, indicated with the white crosses as shown in Fig. 9 , and the average polarization degree is 94.4%. In conclusion, we have proposed and demonstrated experimentally an azimuthally polarized fiber laser.
By using ring-core fibers to break the degeneracy of LP11 modes and a transverse mode filter to suppress the modes other than TE01 mode, the laser can stably work on the single TE01 mode with a narrow 30 dB linewidth of 0.18 nm at the center wavelength of 1064.8 nm. More importantly, operating at a single TE01 mode means the fiber laser is polarization-maintained. We believe our results will give a strong impetus to the applications of cylindrical vector beam fiber lasers in areas such as material processing, surface plasmon excitation, optical tweezers, electron acceleration, high-resolution metrology, optical storage and mode division multiplexing systems.
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